The I 1 -imidazoline receptor is a novel target for drug development for hypertension and insulin resistance, major disorders associated with type 2 diabetes. In the present study, we examined the effects of a novel imidazoline agonist S43126, on phosphorylation of protein kinase B (PKB/Akt) and extracellular signal-regulated kinase (ERK1/2) in PC12 cells. We further examined the effects of S43126 on insulin stimulated PKB and ERK phosphorylation. PC12 cells were treated with varying doses of S43126 (10 -10 to 10 -6 M) or insulin (10 -10 to 10 -6 M) or combination treatment with insulin (10 -6 M) and varying doses of S43126 (10 -6 -10 -11 M) for 10 min. Western blot analysis of treated samples showed that S43126 increased both ERK1/2 and PKB phosphorylation by 5 fold. Combination treatment with insulin (10 -6 M) and varying doses of S43126 (10 -6 -10 -11 M) enhanced phosphorylation of PKB and ERK1/2 above the level of insulin alone, in a dose and time dependent manner. Treatment with siRNA against Nischarin (mouse homologue of I 1 -imidazoline receptor) reduced the phosphorylation of both ERK and PKB following combination treatments. These results indicate that S43126 has the potential to augment insulin action and should be further studied as a possible candidate drug for the treatment of insulin resistance states.
Introduction
Pharmacologic treatment of type 2 diabetes utilizes sulfonylurea drugs which are linked to an increased risk of oral cancer [2] , and metformin which is associated with lactic acidosis [19] . Novel agents with fewer risks are needed as treatment options. The I 1 -imidazoline receptor (I 1 R) found in the rostral ventrolateral medulla (RVLM) is a novel target for drug development for hypertension and insulin resistance, major disorders associated with Metabolic Syndrome X and type 2 diabetes. Basic and clinical research reveal that imidazoline compounds, such as moxonidine, act centrally to lower blood pressure [7, 9] and are insulin sensitizing agents [3, 13] . Moxonidine has been shown to ameliorate elements of metabolic syndrome in both animals and humans. Moxonidine treatment improved glucose disposal and increased insulin-stimulated phosphorylation of key insulin signaling intermediates [6, 8, 10, 26] in the spontaneously hypertensive rat (SHROB; Koletsky rat) model of metabolic syndrome. The beneficial effects of moxonidine on elements of the metabolic syndrome extend to humans with similar disorders. When insulin resistant obese patients with mild hypertension were treated with moxonidine and evaluated by hyperinsulinemic euglycemic clamp technique, there was an improvement in insulin sensitivity [12] .
Unfortunately, clinically useful I R agonists such as moxonidine and clonidine are also agonists at aadrenergic receptors. Novel compounds that activate the imidazoline signaling pathways without demonstrated effects at a-adrenergic receptors are needed to advance the field of imidazoline research. In this study, we utilize a selective imidazoline compound (S43126) whose binding characteristics have been determined by our collaborators. S43126 has the following binding properties, pKiI = 7.46, pKia < 5.00, and pKia < 5.00 [1] . It is yet to be determined whether this compound has any functional effects at adrenergic receptors or whether it has the ability to activate the I -imidazoline signaling pathways. It is the aim of this study to provide insights into these questions.
The predominant cellular model for investigation of I R signaling has been PC12 rat pheochromocytoma cells. These cells express a high density of I -imidazoline binding sites in their plasma membranes and lack a -adrenergic receptors, which recognize many I -imidazoline ligands [6, 21] .
The imidazoline receptor protein termed imidazoline receptor antisera selective (IRAS) has been cloned from human hippocampus [16, 22, 23] and the finding that hIRAS associates with insulin receptor substrate 4 (IRS-4) in human embryonic kidney 293 cells (HEK293 cells) led to the concept of IRAS involvement in insulin signaling pathways [24] . Nischarin, is the truncated form (PX domain missing) of mouse IRAS, and nischarin antisense oligodeoxynucleotide was shown to abolish the expression of nischarin and eliminated the production of ERK1/2 in PC12 cells following treatment by rilmenidine, an I R agonist [27] .
In this present study, we investigated whether S43126, a selective imidazoline compound, modulates insulin action on ERK 1/2 and PKB phosphorylation in PC12 cells.
Materials and Methods

Tissue preparation and dose response relationships
All protocols were approved by the Loma Linda University Animal Care and Use Committee. Doseresponse relationships were carried out on tail arteries of male adult Sprague-Dawley rats (200-300 g) as previously described by us [11] . Briefly, rats were decapitated and the ventral tail arteries were dissected out, cleaned and then cut into individual ring segments. After removal of the endothelium, vessels were mounted and immersed in tissue baths containing Krebs physiological solution (KPS) at 37°C equilibrated with 95% O 2 -5% CO 2 for 1 h, and then stretched slowly to a preload of 1 g. Dose-response curves of developed tension were then obtained using clonidine (10 -10 to 10 -4 M), an I 1 /a 2 -adrenergic agonist, and S43126 (10 -10 to 10 -4 M), an I 1 -receptor agonist. Developed tension data were normalized relative to the maximum response to 106 mM potassium.
Antibodies and reagents
Primary antibodies used were p44/42 MAP kinase, phospho-p44/42 MAP kinase (Thr-202/Tyr-204), Akt, phospho-Akt (Ser473) antibody diluted 1:1000, which were detected using a secondary antibody (HRP linked anti-rabbit IgG) diluted 1:2000 and enhanced chemiluminescence (ECL, Amersham Pharmacia Biotech).
Cell culture and drug treatment
PC12 cells were cultured in RPMI 1640 medium (Cellgro, USA) supplemented with 10% FBS, 5 ml penicillin/streptomycin/amphotericin B solution (Sigma, USA) and maintained in the presence of 5% CO 2 at 37°C. PC12 cells were treated with either S43126 or insulin at different concentrations (10 -11 -10 -6 M) and for various times (0-180 min). Treated cells were lysed and aliquots were subjected to western blotting using appropriate antibodies. siRNA duplexes (Santa Cruz Biotechnology). Transfection was performed according to the manufacturer's instructions.
Statistical analysis
Data were analyzed using one-way analysis of variance (ANOVA) or Tukey's test for pair-wise multiple comparison to identify significant differences (p > 0.05) between individual groups.
Results
Comparison of clonidine and S43126
Concentration-response curves for clonidine and novel imidazoline compound S43126 were determined in order to test whether S43126 caused contraction of tail artery similar to the known imidazoline agonist, clonidine. Clonidine (EC 50 = 0.5 µM, E max = 56%) increased tension development in rat-tail artery (Fig. 1 ) in a dose-dependent manner, however, the novel imidazoline compound S43126 produced no significant contraction of tail artery at doses up to 100 µM.
Effects of S43126 on ERK1/2 and PKB phosphorylation
We tested the ability of S43126 to activate ERK1/2 and PKB which are components of both insulin and imidazoline signaling pathways. S43126 (10 -10 -10 -5 M) at all concentrations caused increased phosphorylation of ERK1/2 above DMSO (0.05%) control ( Fig. 2A) . Peak phosphorylation occurred at 1 nM concentration of S43126 with higher concentrations producing less phosphorylation of ERK1/2. Nerve growth factor (NGF, 50 ng/ml) was a positive control. S43126 (10 -11 -10 -6 M) caused a concentration-dependent increase in PKB phosphorylation (10 -11 -10 -9 M), followed by a plateau (10 -9 -10 -7 M), and then a decrease (10 -6 M). There was a maximum five-fold increase in PKB phosphorylation above control seen at plateau doses of S43126 (Fig. 2B ).
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Pharmacological Reports, 2011, 63, 14421449 M) for 10 min. The relative phosphorylation of ERK-1/2 or PKB was defined by the ratio of the phosphorylated active form to total immunoreactive protein, in arbitrary absorbance units. The data were expressed relative to vehicle-treated controls run in parallel. Data are presented as the mean percent change ± standard error from three separate experiments run in duplicate. Significant increase in ERK-1 and ERK-2 phosphorylation was detected at all doses of S43126 (p > 0.001, ANOVA). Significant increase in PKB phosphorylation was detected at 10` -10`% M (p > 0.001, ANOVA)
Effects of insulin combined with S43126 on phosphorylation of ERK1/2 and PKB
Combination treatment with a fixed dose of insulin (10 -6 M) and varying doses of S43126 (10 -10 -10 -6 M) for 10 min, resulted in a greater phosphorylation of ERK1/ERK2 than was seen with insulin alone or S43126 alone. The combination of insulin (10 -6 M) and S43126 (10 -6 M) produced a greater than 7-and 6-fold phosphorylation of ERK-1 and ERK-2, respectively, above control (Fig. 3A) . A time-course of ERK-1 and ERK-2 phosphorylation in response to combination treatment with insulin (10 -6 M) and S43126 (10 -6 M) produced a 7-and 5-fold respective increase in phosphorylation above control, at both 5 and 10 min. Longer times resulted in less phosphorylation of ERK1/2 (Fig. 3B ). Combination treatment with a fixed dose of insulin (10 -6 M) and varying doses of S43126 (10 -10 -10 -6 M) for 10 min, resulted in a greater phosphorylation of PKB than was seen with insulin (10 -6 M) alone or S43126 (10 -6 M) alone. The combination of insulin (10 -6 M) and S43126 (10 -6 M) produced an additive 10-fold increase in PKB phosphorylation compared to a 7-fold increase seen by treatment with insulin (10 -6 M) alone or with the 2-fold increase seen with S43126 (Fig. 3C) . A timecourse of PKB phosphorylation in response to combination treatment with insulin (10 -6 M) and S43126 (10 -6 M) produced a maximum 5-fold increase in PKB phosphorylation above control, at 10 min (Fig. 3D) . 
Effects of NISCH siRNA on nischarin protein expression, ERK and PKB phosphorylation in combination treatments
In order to test whether the effects of S43126 on ERK1/2 and PKB phosphorylation was mediated by I 1 -imidazoline receptor, we treated cells with nischarin siRNA, (mouse homologue of I 1 -imidazoline receptor). There was a greater than 50% reduction in the expression of nischarin protein in PC12 cells treated with siRNA, compared to cells treated with the combination of insulin (10 -6 M) and S43126 (10 -6 M) for 10 min (Fig. 4A) . PC12 cells treated with siRNA to nischarin showed a 50% reduction in the phosphorylation of both ERK-1 and ERK-2 following 10 min treatment with combination of insulin (10 -6 M) and S43126 (10 -6 M), compared to cells treated with the combination of insulin (10 -6 M) and S43126 (10 -6 M) for 10 min without siRNA to nischarin (Fig. 4B) . Similarly, in PC12 cells treated with siRNA to nischarin, there was a greater than 35% decrease in PKB phosphorylation, compared to treated cells without nischarin siRNA (Fig. 4C ).
Discussion
Comparison of clonidine and S43126
Tissue bath studies compared the contractile response of rat tail arterial strips to imidazoline compounds, clonidine and S43126 (Fig. 1) . Clonidine binds to both I 1 R and a 2 -AR and contracted tail artery, whereas S43126 did not contract tail artery at concentrations up to 10 -4 M S43126. As previously shown, clonidine and moxonidine, common I 1 R agonists in clinical use, both contract rat tail artery by a mechanism involving both a 2 -AR and a 1 -AR activation [11, 17] . The promiscuous nature of these imidazoline compounds have hampered development of this field of research and more selective ligands such as S43126 are needed to advance this important area of research. S43126 does not contract tail artery, suggesting that this compound is not an agonist at a-AR. Binding studies previously published showed that S43126 had low affinity for a-AR with pKia 1 < 5 and pKia 2 < 5 [1] .
Effects of S43126 on ERK1/2 and PKB phosphorylation
The present study showed that the novel imidazoline compound S43126 caused phosphorylation of proteins common to imidazoline and insulin signaling pathways. We first determined whether S43126 activated I 1 -imidazoline signaling pathways, in a manner similar to the known agonist, moxonidine. Our results showed that S43126 caused an increased phosphorylation of both ERK1/2 and PKB in a concentrationdependent manner (Fig. 3) . ERK is a member of the family of mitogen-activated protein kinases (MAPK) and is phosphorylated in response to moxonidine binding to I 1 R in PC12 as shown previously [6] . Our present results showed that like moxonidine, S43126 also cause increased phosphorylation of ERK and PKB. Ernsberger's lab showed that in adipocytes isolated from SHROB treated with moxonidine in vivo, there was an improved response to insulin, both in terms of PKB activation and facilitation of glucose uptake [26] . Since receptors are defined by their signaling pathways, our data suggest that S43126 is an agonist at the imidazoline binding site. To our knowledge, S43126 is the first imidazoline compound that activated I 1 -signaling pathways, without apparent functional effects at adrenergic receptors.
Effects of insulin combined with S43126 on phosphorylation of ERK1/2 and PKB
Preliminary studies to determine the effect of various combinations of insulin and S43126 on ERK and PKB phosphorylation showed that optimum results were obtained with combination of insulin (10 -6 M) and S43126 (10 -6 M). This was surprising since based on the concentration-response curves, the maximum ERK phosphorylation in response to insulin was seen at (10 -6 M) insulin and the maximum ERK response to S43126 was seen at 10 -9 M. Concentrations of agonists that increase ERK phosphorylation tend to also activate mitogen activated protein kinase phosphatases (MKP) [5] . We have previously shown that while treatment of PC12 cells with NGF or moxonidine caused an increased phosphorylation of ERK, combination treatment with NGF and moxonidine resulted not in an expected increase in ERK phosphorylation, but rather a decrease. A decrease in ERK phosphorylation caused by the combination treatment of NGF and moxonidine was paralleled by an increase in MKP-2 induction [5] . Similarly, stimulation of angiotensin AT2 receptors in PC12 cells by angiotensin II, resulted in an enhanced phosphorylation of ERK within 10 min, compared to untreated cells. Paradoxically, co-stimulation with NGF and angiotensin II resulted not in the expected additive effect on ERK phosphorylation but rather in a decrease, compared to NGF stimulation alone. The deactivation of ERK was paralleled by a rise in MKP-1 activity [15] . Possibly, treating PC12 cells with insulin and S43126 may activate MKP differentially, and the complex interplay between kinases and phosphatases produced an optimum measurable phosphorylation at micromolar concentrations of both insulin and S43126. Separate treatment with insulin or S43126 caused an increased phosphorylation of both ERK and PKB, while combination treatment with insulin and S43126 resulted in an additive increase in both ERK and PKB phosphorylation, compared to treatment by insulin alone. These data are consistent with an interaction between insulin and imidazoline receptor signaling pathways at the level of PKB and ERK, but do not conclusively establish such an interaction. Stimulation of PC12 cells by NGF leads to growth arrest and neuronal differentiation, whereas insulin induced metabolism of glucose and lipids [4] . However, it has been shown that PC12 cells overexpressing the insulin receptor undergoes insulin-dependent neuronal differentiation similar to that induced by NGF. Addition of insulin or clonidine to PC12 cells is known to induce cell proliferation [10, 23] . The kinetics of ERK activation in PC12 cells vary depending on the stimulating agent. NGF induced sustained stimulation and nuclear translocation of ERK, while insulin and imidazoline agonists induce transient stimulation of ERK [4, 6] . However, PC12 cells with overexpressed insulin receptors, when activated by insulin, resulted in prolonged ERK activation and nuclear translocation of the enzyme, similar to NGF [4] . This study found that the combination of insulin and S43126 caused a transient phosphorylation of ERK, with peak phosphorylation occurring at 10 min. The increase in PKB phosphorylation seen with the combination of S43126 and insulin suggests that S43126 may have insulin sensitizing effects. The clinically useful imidazoline, moxonidine has been shown to improve insulin sensitivity by decreasing plasma insulin levels in patients with metabolic syndrome. Patients who had a high sympathetic drive at baseline, showed the greatest improvement [9] . Hence, although both insulin and I 1 -imidazoline agonist S43126 activated ERK1/2 and PKB in PC12 cells, combined treatments with both agents produced a greater net activation. Since S43126 is a novel compound, there may be additional pathways activated by this ligand that may impact our results. We note that even for 10 -6 M S43126, we did not observe any contraction of tail artery strips. This suggests adrenergic activation may not play a dominant role in our results.
Effects of NISCH siRNA on nischarin protein expression, ERK and PKB phosphorylation in combination treatments
To test whether the effect of S43126 (10 -6 M) on ERK1/2 and PKB phosphorylation was mediated by I 1 -imidazoline receptor, we treated PC12 cells with siRNA to nischarin. There was a reduced expression of nischarin protein in PC12 cells treated with siRNA compared to untreated cells. PC12 cells treated with nischarin siRNA also showed decreased levels of phosphorylation of both ERK-1/2 and PKB, following combination treatment with insulin (10 -6 M) and S43126 (10 -6 M). The parallelism between decreased nischarin protein levels and decreased phosphorylation of both ERK1/2 and PKB, following combination treatment with insulin and S43126, suggests that there is cross-talk between I 1 -imidazoline receptors and insulin receptors at the level of ERK and PKB. Similar to our findings, nischarin antisense oligodeoxynucleotide (ODN) abolished the expression of nischarin in PC12 cells. Moreover, nischarin ODN eliminated the phosphorylation of ERK1/2 elicited by another I 1 -imidazoline agonist, rilmenidine, in PC12 cells [27] . Additional experiments were done using lower concentrations of S43126 (10 -9 M) in combination with varying doses of insulin (10 -9 -10 -5 M) and also using insulin (10 -9 M) with varying doses of S43126 (10 -9 -10 -5 M). These experiments did not show any significant changes in ERK or PKB phosphorylation (data not shown). There is an ongoing debate regarding the molecular identity of the I 1 R. Previous studies of IRAS-transfected CHO and PC12 cells have shown an elevation in radioligand binding to I 1 R sites, as well as an enhanced activation of PC-PLC and ERK phosphorylation by imidazoline agonists. These changes could be blocked by efaroxan, a selective I 1 R antagonist [5, 6, 18, 25] . Similarly, PC12 cells transfected with cDNA encoding nischarin, increased I 1 R binding sites as shown by radioligand binding studies. Nischarin antisense abolished both expression of protein as well as substantially reduced the generation of ERK elicited by I 1 R agonist [27] . Molderings and colleagues conducted radioligand binding experiments with clonidine and moxonidine in PC12 cells and concluded that I 1 R represented a mixture of S1P1/S1P3-receptor hetero-dimers [20] . The investigators only used siRNA against S1P1/S1P3-receptors and concluded that the observed decreased binding of clonidine and moxonidine was sufficient to place I 1 R among the S1P-receptor family. The authors theorized that nischarin's role was to traffic SIP1/3 receptors from the cytosol to the membrane, hence overexpression of nischarin would increase SIP1/3 trafficking, resulting, in increased I 1 -imidazoline binding sites, as shown by Piletz [22] . While these explanations are plausible, the authors have yet to show that the signaling pathways coupled to I 1 R was affected by siRNA against S1P1/S1P3-receptors. Nonetheless, our results are not contradictory to their findings, since by their logic, knockdown of nischarin protein would reduce membrane bound SIP1/3 receptors and therefore decrease phosphorylation of the signaling molecules ERK and PKB. Our findings strengthen their argument since we showed that PKB is coupled to I 1 R and all SIP receptor agonists are known to activate PKB [14] , a fact not mentioned by Molderings and colleagues.
In conclusion, S43126 is a novel compound with binding affinity for the I R but with no functional effects at a-AR, as evidenced by its inability to contract rat tail arterial strips. We have also shown that S43126 activated the I -imidazoline signaling pathway by causing phosphorylation of both ERK and PKB. S43126 should be considered as an important ligand for imidazoline studies since it negates the need for a blockers. Since S43126 showed an additive effect with insulin on PKB phosphorylation, it has the potential to act as an insulin sensitizing agent, similar to moxonidine which is in clinical use.
